Abstract Filamentous bacteria are associated to biomass settling problems in wastewater treatment plants. In systems based on aerobic granular biomass they have been proposed to contribute to the initial biomass aggregation process. However, their development on mature aerobic granular systems has not been sufficiently studied. In the present research work, filamentous bacteria were studied for the first time after long-term operation (up to 300 days) of aerobic granular systems. Chloroflexi and Sphaerotilus natans have been observed in a reactor fed with synthetic wastewater. These filamentous bacteria could only come from the inoculated sludge. Thiothrix and Chloroflexi bacteria were observed in aerobic granular biomass treating wastewater from a fish canning industry. Meganema perideroedes was detected in a reactor treating wastewater from a plant processing marine products. As a conclusion, the source of filamentous bacteria in these mature aerobic granular systems fed with industrial effluents was the incoming wastewater.
Introduction
Aerobic granulation is a microbial self-immobilization process that is driven by diverse selection pressures such as the applied organic loading rate and hydrodynamic shear forces, the presence of a feast-famine regime, the feeding strategy, the reactor configuration, the cycle time distribution or the volume exchange ratio [1] . It is a gradual process, involving progression from flocs to granular aggregates [2] . Aerobic granules are characterized by regular outer shapes and compact structures [2] , and are mainly composed of microbial populations and extracellular polymeric substances [3] . Unfavourable conditions like wastewater composition, low substrate availability, dissolved oxygen deficiency, long solids retention time, nutrient deficiency and high temperature promote filamentous outgrowth [4, 5] . It has been stated that low levels of filamentous growth do not cause operational problems and may even stabilize the granule structure [4] . Zhang et al. [6] observed that filamentous bacteria appeared to initiate granule formation and generate the structures that supported further granule growth. However, in the case of filamentous overgrowth, the settleability of the aerobic granules becomes poor. Biomass washout and eventual disappearance of aerobic granules can subsequently occur [4] .
Filamentous bacteria are normally present in the activated sludge in small amounts. Under specific conditions they proliferate to such an extent that they markedly affect the treatment plant performance causing sludge bulking or foaming. In order to control the growth of these problematic bacteria, their identification has been required. More than 30 different filamentous bacterial morphotypes have been described based on their morphology [7, 8] .
Nowadays, the identification based on morphotypes is known to be frequently inadequate for the reliable identification of many filamentous bacteria, since one morphotype can embrace several phylogenetically different organisms [9] . For example, previous studies have revealed that the Nostocoida limicola morphotypes are affiliated to members as diverse as the phyla Chloroflexi, Firmicutes, and Actinobacteria, the class Alphaproteobacteria and the order Planctomycetales. Molecular techniques have allowed resolving the taxonomic affiliations of some of these bacteria [10, 11] . The use of fluorescence in situ hybridization (FISH) with rRNA-targeted oligonucleotides has been dedicated to their identification.
Different research works proposed several strategies to avoid or mitigate the presence of filamentous organisms in aerobic granular sludge. Wan et al. [12] studied the effect of pH in aerobic granular systems fed with synthetic media. These authors proposed to impose alkaline conditions inside the reactor as an effective way to suppress filamentous overgrowth and maintain granule stability, although in this study the tested operational time was only of 14 days. Weissbrodt et al. [13] proposed the application of intensive up-flow aeration and/or the use of sludge from a biological nutrient removal system as inoculum. These authors operated five different aerobic granular reactors along 40-50 days fed with synthetic media. They explained that the application of high shear forces helped to break the superficial filamentous structures, while the sludge from the biological nutrient removal process exhibits a lower filamentous bulking potential than the sludge from organic matter removal process. From existing studies, it is inferred that there is lack of research works where filamentous bacteria are studied in long-term operation experiments treating industrial wastewater.
The present work is focused on the study of the reasons for filamentous growth in aerobic granular systems fed with industrial wastewater and synthetic media simulating a previous physical-chemical treatment, in long-term experiments (between 120 and 400 days). The observations made at laboratory scale, with industrial wastewater at long operational times, are expected to help to understand the possible problems in the operation of the industrial full scale plants.
Materials and methods

Reactors operation
Three sequencing batch reactors (SBRs), R1, R2 and R3, were operated to obtain aerobic granular sludge from the inoculated activated sludge. The SBRs were operated in cycles of 3 h with short settling and effluent withdrawal periods to generate washout conditions to select for granulation in the reactors [14] . The cycle distribution was chosen with the aim to obtain the granulation process and the organic matter removal, not optimized for nutrients removal. Each reactor was fed with a different type of wastewater, namely a synthetic wastewater with coagulantflocculant reagents (R1) and two industrial effluents from fish cannery (R2) and marine products processing (R3) plants ( Table 2 ). The operation of the three SBRs took place at the laboratories of the University of Santiago de Compostela. The industrial wastewaters were collected once a month and stored at 4°C in the university installations prior to be fed to the SBRs. The process of granules formation and the time needed to obtain stable granules and their properties were different in each system, according to the special features of each feeding composition. The details about the operation could be consulted in Val del Río et al. [15] for R1, Figueroa et al. [16] for R2 and Val del Río et al. [17] for R3.
Samples of granular biomass to perform the FISH analysis were collected from the reactors on different operational days. Among them, in this study, those samples corresponding to periods when filamentous bacteria were observed are analysed. Samples were collected from R1 on days 84 and 115; from R2 on days 268 and 344 and from R3 on days 192 and 263. Furthermore samples of control (without presence of filamentous bacteria) were taken on day 99 for R2 and day 94 for R3.
Synthetic medium plus coagulant-flocculant (R1)
R1 was fed with a synthetic solution containing sodium acetate as carbon source and supplemented with residual quantities of coagulant (2.5 mg/L of aluminium polychloride) and flocculant (1.5 mg/L of polyelectrolyte) in the range of concentrations normally applied to the primary settled wastewater. R1 was run in parallel under the same operational conditions as the control reactor (RC). RC was only fed with the synthetic medium without addition of coagulant-flocculant reagents and only served for comparison with R1.
R1 and RC were inoculated with 0.5 L of activated sludge collected from an activated sludge system for organic matter and nitrogen removal, located in an urban wastewater treatment plant (WWTP). The sludge volume index (SVI) was of 200 mL/g TSS and the solids concentration of 5 g VSS/L. Granules were already observed in R1 and RC on day 10 of operation. In the case of RC most of them were smaller than 2 mm while in R1 they were larger than 2 mm (see supplementary data Fig. 1S ). The SVI decreased from 180 to 40 mL/g TSS in RC while this parameter remained between 80 and 100 mL/g TSS in the case of R1. The rapid formation of these aggregates with such a high SVI could be related to the presence of the coagulant and flocculant reagents contained in the feeding media that promoted the aggregation of the biomass but hindered its compactness. The outgrowth of filamentous structures on the surface of the granules of R1 on day 116 could be observed on Fig. 1SD .
R1 was operated during 120 days with high COD removal efficiencies during the whole operational time (Fig. 1S) . Nitrogen removal was performed from day 40 of operation on mainly via nitrification-denitrification. On days 84 and 115, when the biomass samples were taken, the organic matter and nitrogen removal efficiencies were around 95 and 60 %, respectively.
Fish cannery wastewater (R2)
R2 was fed with the effluent produced in a fish canning industry (Pontevedra, Spain) containing high and low salts content. The feeding used from days 1 to 149 contained over 9 g NaCl/L and after this date the concentration decreased to 0.1 g NaCl/L, due to a modification of the industrial process.
The sludge used as inoculum was 0.5 L of a flocculent activated sludge from a unit for organic matter and nitrogen removal, located in an urban WWTP (different than R1 and RC), with a SVI of 100 mL/g TSS. In this reactor, the formation of the aerobic granules was observed on day 45. During the whole operational period filamentous outgrowth on the surface of the granules was observed under the stereomicroscope (see supplementary data Fig. 2S ).
R2 was operated during 400 days and the operational strategy consisted of a stepwise increase of organic matter and nitrogen concentrations ( Fig. 2SA and SB) . Organic matter removal efficiencies were of 93, 91 and 95 % on days 99, 268 and 344, while nitrogen removal efficiencies were of 25, 31 and 26 %, respectively, achieved mainly via nitrification-denitrification. The sample taken on day 99 corresponded to a period of high saline conditions (9 g NaCl/L) and samples from days 268 and 344 to low saline conditions (0.1 g NaCl/L).
Marine products processing wastewater (R3)
R3 was fed with the wastewater from a plant processing marine products (A Coruña, Spain) characterized by a wide variability of its composition in terms of organic matter (from 380 to 3,800 g COD/L) and nitrogen (from 370 to 2,250 mg NH 4 ? -N/L) content. R3 was inoculated with 0.5 L of activated sludge from the biological reactor (for organic matter removal) operated in the site of the seafood industry, characterized by a SVI of 125 mL/g TSS and a solids concentration of 3.2 g VSS/ L. Aggregates with a large diameter were quickly developed in 30 days from the start up. A high growth in size of the existent granules was observed reaching values of the mean feret diameter as high as 11 mm. Different breakup episodes and new granulation events occurred through the whole operational period [17] (see supplementary data Fig. 3S ).
High COD removal efficiencies were obtained during most part of the operational time, except for the period between days 98 and 108; however, nitrogen removal efficiency was low (Fig. 3S ). Organic matter and nitrogen removal efficiencies were of 73 and 0 % on day 94, 93 and 12 % on day 192, and 93 and 14 % on day 263, respectively.
Analytical methods
The size distribution and morphology of the granules were determined regularly using an image analysis procedure [18] with a stereomicroscope (Stemi 2000-C, Zeiss) and by scanning electron microscopy (SEM) (Digital SEM 440, Leica). For SEM analysis, the sludge samples were washed with phosphate buffer (PBS) and fixed, with a solution of glutaraldehyde 3 % (v/v) in PBS, overnight. After fixation, the sample was dehydrated using ethanol solutions with increasing ethanol concentrations (30, 50, 70 and 100 % in v/v).
The FISH technique was applied to disaggregated biomass samples. To achieve the granular biomass breakage, samples were sonicated for 1 min at 65 % (135 lm) of amplitude using a probe sonicator (UP200 s, Dr. Hielscher). These conditions were selected to only de-aggregate the granules without breaking the cells. FISH was performed according to the procedure described by Amann et al. [19] . Biomass samples were initially fixed in paraformaldehyde 4 % (m/v) for 2 h. Then they were immobilized on microscope slides and dried by successive passage through ethanol at 50, 80 and 98 % (v/v). Later the hybridization with the selected probes was performed at 46°C for 1.5 h. Used probes are listed in Table 1S (supplementary information) and details are available at probeBase [20] . The criteria used for the selection of the FISH probes were the identification of filamentous bacteria, based on Nielsen et al. [9] , according to Table 1 
Results
A two-step FISH approach was used for the detection of filamentous populations present in the biomass samples. The general FISH probes for the Proteobacteria classes were applied first. Later, more specific ones providing positive signal at genus level were applied for deeper insights into these general groups. All the probes tested in this work are presented in the supplementary data (Table 1S ). The probes that did not provide positive signal are also listed in this table, but are not further mentioned in the following discussion.
R1: synthetic medium plus coagulant-flocculant
Filamentous bacteria were observed during the visualization of the biomass samples collected from RC on day 114 and from R1 on days 84 and 115, and analysed with probe EUB338 mix . In case of R1 positive results were obtained only with probe Bet42a for Betaproteobacteria. After testing the specific probes available for each one of the filamentous organisms (Table 1S ) of this class, positive results were only obtained after the application of probe SNA for Sphaerotilus natans (Fig. 1a) . Their abundance in the sample was high and the characteristics of the observed filaments corresponded to those reported for the S. natans morphotype (straight or bent sheathed filaments), that in the present case rarely exceeded the 25 lm length. The comparison between samples from days 84 and 115 indicates that the abundance of filamentous bacteria in both operating days was similar. A remainder fraction of filamentous bacteria in R1 was identified after the application of probe CFX1223 as Chloroflexi. The filaments of Chloroflexi bacteria had a length between 15 and 25 lm and their abundance in this reactor was significant as shown in Fig. 1b. S. natans bacteria were found to be present in the inoculum used for RC and R1, although the percentage in the inoculum was much lower than that observed on day 115 of operation of R1 (Fig. 1a) . Furthermore in spite of the use of the same inoculum, neither S. natans nor Chloroflexi were observed in the sample collected from RC on day 114.
The main difference in the operation of the two reactors relied on the presence of coagulant and flocculant in the feeding media of R1. These differences in the observations made at microbial level therefore suggest an effect of these compounds on microbial selection. The coagulants are normally positively charged and they are designed to neutralize the repulsive electrical charges (typically negative) surrounding particles. Their presence favours the creation of flocs, while the flocculants facilitate the agglomeration or aggregation of the coagulated particles to form larger floccules. The addition of both reagents could facilitate the retention of filamentous bacteria in the system, and the posterior operational conditions led to their development.
R2: fish cannery
The sample collected on day 99 of operation was used as reference sample and showed the absence of filamentous bacteria in the biomass at that operational stage of the reactor. However, filamentous bacteria were observed in the samples collected on days 268 and 344 after the application of EUB338 mix probe. Positive results after application of the general probes were detected with Gammaproteobacteria probe, Gam42a (Fig. 2a) . Specific probes to detect microorganisms of this class were applied (Table 1S ). The filamentous bacteria of the sample were identified as belonging to genus Thiothrix with the probe G123T (Fig. 2b) . Filamentous bacteria that belonged to phylum Chloroflexi were also identified, and positive hybridizations were obtained after the use of probes CFX1223 (Fig. 2d) and GNSB941. 
In the sample from day 344, the length of Chloroflexi bacteria was around 30 lm, shorter than the observed length of the Thiothrix filamentous, which ranged from 76 to 300 lm (Fig. 2b) , and they were less abundant too (Fig. 2d) .
Images obtained with the SEM technique on day 374 (Fig. 2c) showed the filamentous microorganisms tightly wrapped and connected surrounding the non-filamentous bacteria and also growing on the surface of the granules. In this case, it seems that the filamentous bacteria could act as a structural backbone of the aerobic granules.
The filamentous bacteria detected by FISH on days 268 and 344 apparently did not cause operational problems such as bulking or bad settleability of the biomass. The SVI was indeed low during the different operational periods (56 and 79 mL/g TSS, respectively). However, the excessive growth of Thiothrix could be responsible of the breakage of the granules observed after day 355 of operation. In the case of Chloroflexi, due to the low and constant abundance of these filamentous bacteria in the analysed samples, it can be stated that their presence in this reactor was not relevant for the breakage event of the granular biomass.
R3: processing marine products
In the case of the samples collected on days 192 and 263 from R3 after applying the probes listed on Table 1S , two different morphotypes of filamentous organisms were observed.
The biggest filaments resembled fungal hyphae (Fig. 3a) , and this was corroborated by the positive signals obtained once probes EUK516 and MY1574 were applied.
The second type of observed filaments was curved bacteria that presented positive fluorescent signal with probe Alf1b (Fig. 3b) . From the application of the probes available for the identification of Alphaproteobacteria filamentous species (Table 1S) positive results were obtained after the use of probes MEG983 and MEG1028 (MEG mix ) for Meganema perideroedes (Fig. 3c) . Moreover by the use of the FISH technique, the observation of the septa that form the structure of these types of filamentous bacteria, and also their high abundance in the sample, was possible (Fig. 3d) .
The amount of eukaryotic cells detected on days 192 and 263 was similar and an increase in the abundance of Meganema was observed between days 192 and 263. This excessive growth of Meganema in the granules could be related to the increase of the average feret diameter of the granules and their further breakage.
When the reference sample taken on day 94 was analysed, only few fungal hyphae were observed and Meganema bacteria were not detected.
Discussion
The major goal of this work was the study of filamentous bacteria proliferation in mature aerobic granular systems fed with industrial wastewater and synthetic media simulating a previous physical-chemical treatment. The effects of the presence of these microorganisms on the aerobic granules seem not as important as it usually is on the performance of activated sludge systems. To clarify the factors responsible for their development in the aerobic granules can provide relevant information to understand their stability and performance.
To identify the conditions for the growth of filamentous bacteria two different kinds of factors were analysed: on the one hand, the inoculum and the incoming wastewater as the source of microbial populations; on the second hand, the operational conditions such as nutrients or dissolved oxygen limitations and so on.
Inoculum and wastewater composition
As RC and R1 were fed with a synthetic media the origin of the filamentous organisms, detected in both reactors, was attributed to the inoculum. In these reactors Sphaerotilus natans and Chloroflexi were present in relative high abundance in the analysed samples.
Filamentous bacteria such as Sphaerotilus were believed for many years to be the main causative organism of bulking in activated sludge systems [7] . Sphaerotilus bacteria are obligate aerobic organisms, able to consume a wide variety of carbon sources, organic acids, sugars, alcohols and amino acids [11] . In the line of the present study Weissbrodt et al. [13] also observed the presence of Sphaerotilus in aerobic granular system inoculated with activated sludge and fed also with a synthetic media containing acetate as carbon and energy source. Filamentous members of the phylum Chloroflexi have occasionally been associated to bulking incidences in activated sludge systems, although no particular industrial waste was found to favour their presence. They were detected in wastewater treatment systems from different industries as well as in activated sludge systems in municipal WWTPs [21, 22] and also in autotrophic nitrifying granules [23] . In the present study, they appear almost in constant amounts in the reactors fed with synthetic media and fish cannery wastewater.
Thiothrix and Meganema bacteria were only detected in R2 and R3, respectively, which were fed with industrial wastewater. These bacteria were not observed in the first operational stages of both reactors operation (reference samples: day 99 for R2 and 94 for R3).
Thiothrix bacteria are filamentous sulfur bacteria belonging to the class of Gammaproteobacteria that were also found to cause settleability problems in activated sludge processes and loss of solids from secondary clarifiers [24] . The reason for the absence of Thiothrix and also Chloroflexi in the granules from R2 (sample day 99) might be the presence of high sodium chloride concentrations. Their further development means that the source of origin could be the incoming wastewater once the saline conditions moved to low concentrations. Furthermore it is known that the presence of suspended organic compounds or other slowly biodegradable substrates in the industrial wastewater (not present in a synthetic medium) favoured the growth of filamentous structures at the surface of aerobic granules [25] .
Filamentous Alphaproteobacteria, such as Meganema, were abundant and often involved in bulking and possibly foaming episodes in activated sludge processes. They were present in about 65 % of 86 industrial WWTPs investigated in former studies [26] but their broad distribution would suggest that none of the filamentous Alphaproteobacteria was preferentially associated to a plant treating a particular industrial waste [26] . However, in the present case they seem to come with the treated effluent. Physiological characteristics of M. perideroedes were reported by Kragelund et al. [27] and among other characteristics, these bacteria are obligate aerobic, oxidase and catalase-positive, consume acetate and glucose under aerobic conditions and seem to have an unusually high substrate uptake capability.
Several studies on fungi and protozoa in activated sludge systems demonstrated that these eukaryotic organisms fulfil different tasks in wastewater systems, related to sludge dewaterability and toxic resistance, COD removal, nitrification or denitrification activities [28, 29] . However, in the present study they were only present when the fish processing wastewater was fed indicating their possible presence in the inoculum or in this kind of effluent.
It is clear that the effects of these two factors (inoculum and type of wastewater) are not enough to explain the abundance of these organisms in aerobic granular biomass where the operation is designed to select for non-filamentous bacteria. It is clear that the operational conditions of each system promoted the establishment and further development of filamentous bacteria which seem to be almost ubiquitous in all granular systems.
For this reason, to explain the presence of filamentous bacteria, some of the hypotheses valid for the case of activated sludge formulated to find a general solution to the associated problems of biomass floatation can be considered also in the case of aerobic granules [10].
Effects of operational conditions
In order to analyse the operation of the three reactors, according to the different possible factors affecting the development of filamentous organisms, information regarding reactors operation and physical properties of the biomass is presented in Table 3 .
An initial explanation is based on the diffusion-based theory which relates the excessive growth of filamentous microorganisms to substrate diffusional resistance inside biological flocs in case of activated sludge [30] . This phenomenon has also been recently related to the presence of suspended solids or colloidal substrates in the feeding [25] and the way for filamentous bacteria to reach substrates. This could be explained by the fact that under non-bulking process conditions, filamentous bacteria could still be present inside the floc and if substrate limitation occurs they will then quickly grow out of it. This might be the case, for example, of Sphaerotilus which were present in the inoculum of RC and R1. These microorganisms are known to appear occasionally in plants with nutrient deficiency [11, 31] .
This theory would explain the presence of filamentous organism in the surface of the aerobic granules due to oxygen limiting conditions which has been found frequently in this kind of systems [5] when high organic loads are treated. Furthermore with granular structures the substrate is consumed locally, enhancing substrate gradients inside the granules and thus stimulating the outgrowth of filamentous structures [25] . In the present study, more specifically in R1 the growth of filamentous organisms on the granules surface occurred on day 65 and lasted until the end of the reactor operation (Fig. 1SD) . In the case of R2 and R3, these filamentous structures were also observed under the stereomicroscope (Figs. 2SD and 3SD ).
In order to relate these observations to the physical properties of the biomass the value of the average diameter of the granules could be considered as an influencing factor. The biggest the granule the highest the difficulty of the substrates to penetrate the biomass, specially dissolved oxygen. The average feret diameter increases due to the increase of the treated OLR up to values close to 2.5-3.0 kg COD/(m 3 days). In R1 and R2, the feret diameter increased in the last collected sample up to values of 4.9 and 5.8 mm, respectively. In the case of R3, although a feret diameter of 2.4 mm was measured on day 192, it reached a value of 11.0 mm on day 226, when the granules broke up. Therefore, a high OLR and feret diameter could hinder the dissolved oxygen transfer from the bulk liquid to the inner zones of the granules and promote the growth of filamentous bacteria and the breakage of the granules. This was also observed by authors like Zheng et al. [32] , who obtained the formation of large granules with filamentous surface when the applied OLR was as high as 6 kg COD/(m 3 days), and then, due to mass transfer limitation, the disintegration of the granules occurred.
A second explanation relies on the kinetic selection theory which states that in systems where the substrate concentration experiences periods of high substrate concentration, like in plug-flow reactors or SBR systems, the filamentous bacteria should be suppressed since their growth rate is expected to be lower than that for flocforming bacteria [33] . In this way, the alternation of feast and famine (presence and absence of organic substrate in the liquid media) conditions is used to promote the formation of aerobic granules selecting for microorganisms which tend to aggregate [34] . To impose alternating feast and famine conditions allows for the development of bacteria which are able to rapidly store the organic matter as glycogen, lipids or poly-b-hydroxyalkanoates (PHA). This ability presumably provides an extra advantage to non-filamentous bacteria in dynamic systems, while the growth of filamentous bacteria is avoided. In this sense a short feast phase is preferable to avoid filamentous outgrowth [35] . However, for R1 the feast phase was longer than in RC, which promoted the growth of filamentous organism in the granules surface, while in RC this was not observed [15] .
Certain filamentous organisms, such as Sphaerotilus are able to assimilate relatively high concentrations of substrates from which it synthesizes considerable amounts of poly-bhydroxybutyrate and polysaccharides. The synthesis of both reserve compounds is stimulated by a high carbon/nitrogen ratio in the medium or by oxygen deficiency [36] . Also M. perideroedes cells contain PHA inclusions and have an extremely high substrate uptake rate and storage capacity, which is probably comparable to or higher than most flocforming bacteria. In this case the filamentous morphology Table 3 Operational conditions of reactors and physical properties of aerobic granular sludge at the days of biomass sampling gives the organisms an ecological advantage. This ability could be especially advantageous under the feast-famine regimes [10] encountered for example in the aerobic granular SBRs. This could be one of the reasons for the predominance of S. natans in R1 and M. perideroedes in R3. Another organism like Thiothrix was identified in systems treating different municipal and industrial wastewaters with and without nutrient removal [31] . Wastewaters rich in reduced sulfur compounds, nutrients deficiency or in systems operated with low feeding to microorganisms (F/M) ratios are environments where Thiothrix is commonly found [7, 37] . These bacteria are capable of storing sulfur granules and PHA and have rapid nutrients uptake rates under nutrient deficiency. The outgrowth of these bacteria in aerobic granules cultivated with brewery wastewater has been previously reported [38] and they were thought to be responsible of the bulking and settling problems, probably caused by the high applied OLR [3.6 kg COD s /(m 3 days)], the dissolved oxygen deficiency or the high temperatures of operation reported in that research. In the present research, the presence of Thiothrix was observed in the reactor treating fish canning effluent with large salts content.
In order to evaluate the effect of the feed to microorganisms (F/M) ratio the solids concentration inside the reactors was measured. Its value was of 2.5 g VSS/L in R1 while it was over 6 g VSS/L in R2 and R3. As a result the fed OLR and the values of the F/M ratio were different in each reactor. R1 was operated under relatively high F/M ratio (around 1 kg COD/(kg VSS days)), and this was reported as one of the possible factors that caused the growth of S. Natans [9] . However, R2 and R3 were operated at lower F/M values that are favourable for the growth of most of the filamentous species [8, 32] . The increase of the F/M ratio in these reactors between the two last selected operating days (Table 3) could favour the development of Thiothrix and Meganema species.
The presence of fungi has been observed in systems with aerobic granules as it is the case of R3. Recent studies indicate that fungal hyphae also act like skeletal elements in the structural formation process [29, 38] . Weber et al. [38] observed that filamentous fungal pellets dominated the sludge population in the first 10 to 15 days and they served to initiate the granular biofilm structure as an immobilizing matrix for bacteria. These authors checked that these fungi were still present in mature granules, where they supported the development and maintenance of the granular structure.
Other possible causes of the outgrowth of filamentous bacteria in aerobic granular sludge SBRs are related to long solids retention time (SRT) values, high substrate gradients within the granule, flow patterns or temperature shifts [4] . Therefore, because of the cyclic operation of aerobic granular sludge SBR and peculiarities of aerobic granules, several of these conditions can be present simultaneously and they can result in progressive development of filamentous growth in aerobic granular sludge SBR.
Conclusions
Filamentous bacteria were detected in all the aerobic granular systems studied, which corroborates that they form part of the granular structure. The results of the present study suggested that the biomass used as inoculum and the type of wastewater treated correlated with the presence of filamentous bacteria detected in aerobic granular sludge. Sphaerotilus Natans was detected only in R1 fed with synthetic media where the feeding to microorganisms ratio was around 1 kg COD/(kg VSS days).
In the case of the aerobic granular system fed with synthetic wastewater the source of filamentous bacteria is attributed to the inoculum. This means that the filamentous organisms were not completely washed from the system in the initial granulation stage but they remain and develop if the operational conditions are appropriated.
In the case of mature aerobic granular systems fed with industrial wastewater the source of filamentous bacteria was presumably the fed substrate. This means that the filamentous organisms present in the feeding predominate instead of the inoculated ones.
The appearance of filamentous outgrowth in the surface of the granules corresponded with the application of high OLRs, which provoked the increase of granules diameter. The high diameter of the granules hindered the transfer of dissolved oxygen from the bulk liquid to the centre of the granules. The oxygen limitation promoted the growth of filamentous bacteria.
